I. A goal of this study was to determine the sites in the diencephalon to which neurons in sacral spinal segments of rats project. Therefore, 95 neurons were recorded extracellularly in spinal segments Lb-S2 of rats that were anesthetized with urethan. These neurons were activated initially antidromically with currents 530 PA from a monopolar stimulating electrode placed into the contralateral posterior diencephalon. The mean t SE current for antidromic activation from these sites was 16 t 0.8 PA. These neurons were recorded in the superficial dorsal horn (4%), deep dorsal horn (89%), and intermediate zone and ventral horn (4%).
I. A goal of this study was to determine the sites in the diencephalon to which neurons in sacral spinal segments of rats project. Therefore, 95 neurons were recorded extracellularly in spinal segments Lb-S2 of rats that were anesthetized with urethan. These neurons were activated initially antidromically with currents 530 PA from a monopolar stimulating electrode placed into the contralateral posterior diencephalon. The mean t SE current for antidromic activation from these sites was 16 t 0.8 PA. These neurons were recorded in the superficial dorsal horn (4%), deep dorsal horn (89%), and intermediate zone and ventral horn (4%).
2. Systematic antidromic mapping techniques were used to map the axonal projections of 41 of these neurons within the diencephalon. Thirty-three neurons ( 80%) could be activated antidromically with currents 530 PA only from points in the contralateral thalamus and are referred to as spinothalamic tract (STT) neurons. Eight neurons (20%) were activated antidromically with low currents from points in both the contralateral thalamus and hypothalamus, and these neurons are referred to as spinothalamic tract/ spinohypothalamic tract (STT/SHT) neurons. Three additional neurons were activated antidromically with currents 530 PA only from points within the contralateral hypothalamus and are referred to as spinohypothalamic tract (SHT) neurons. The diencephalic projections of another 51 neurons were mapped incompletely. These neurons are referred to as spinothalamic/unknown (STT/ U) neurons to indicate that it was not known whether their axons ascended beyond the site in the thalamus from which they initially were activated antidromically.
3. For 31 STT neurons, the most anterior point at which antidromic activation was achieved with currents 530 PA was determined. Fourteen (45% ) were activated antidromically only from sites posterior to the ventrobasal complex (VbC) of the thalamus. Sixteen STT neurons (52%) were activated antidromically with low currents from sites at the level of the VbC, but not from more anterior levels. One STT neuron (3%) was activated antidromically from the anteroventral nucleus of the thalamus.
4. STT/SHT neurons were antidromically activated with currents 530 PA from the medial lemniscus (ML), anterior pretectal nucleus (APt), posterior nuclear group and medial geniculate nucleus (Po/MG), and zona incerta in the thalamus and from the optic tract (OT), supraoptic decussation, or lateral area of the hypothalamus. No differences in the sites in the thalamus from which STT and STT/SHT neurons were activated antidromically were apparent. Five STT/SHT neurons (62%) were activated antidromically from points in the thalamus in the posterior diencephalon and from points in the hypothalamus at more anterior levels. Three STT/SHT neurons (38%) were activated antidromically with currents 530 PA from sites in both the thalamus and hypothalamus at the same anterior-posterior level of the diencephalon. All three of these STT/SHT neurons projected to the intralaminar nuclei (parafascicular or central lateral nuclei) of the thalamus.
5. Seven STT/SHT neurons were tested for additional projections to the ipsilateral brain. Two (29%) were activated antidromitally with currents 530 PA and at longer latencies from sites in the ipsilateral diencephalon. One could only be activated antidromitally from the hypothalamus ipsilaterally. The other was activated antidromically at progressively increasing latencies from points in the ipsilateral brain that extended as far posteriorly as the posterior pole of the MG.
6. Fifty-eight STT, STT/SHT, and STT/U neurons were classified as low-threshold (LT), wide dynamic range (WDR), or highthreshold (HT) neurons based on their responsiveness to innocuous and noxious mechanical stimuli applied to their cutaneous receptive fields. There were no statistically significant differences among the numbers of LT, WDR, and HT neurons categorized as STT or STT/SHT neurons. For STT neurons, the most anterior points from which LT neurons were activated antidromically with low currents were located in and adjacent to the VbC. In contrast, the most anterior points from which nociceptive (WDR and HT) neurons were activated antidromically tended to be located posterior to the VbC in the ML, Apt, OT, and Po/MG. This difference in the apparent termination patterns of LT and nociceptive (WDR and HT) STT neurons was statistically significant.
7. STT and STT/SHT neurons also were tested for their responsiveness to either colorectal (CrD) or vaginal (VaD) distention, or to both. Nine of 23 STT neurons (39%) and three of four STT/ SHT neurons (75%) were excited by CrD. Five of 14 STT neurons (36%) and two of four STT/SHT neurons (50%) were excited by VaD. Four STT and two STT/SHT neurons were excited by both CrD and VaD and two STT neurons were excited by CrD but not VaD. There were no statistically significant differences among the numbers of STT and STT/SHT neurons that were excited by either CrD or VaD.
8. Using a second stimulating electrode, 80 STT, STT/SHT, and STT/U neurons also were activated antidromically with currents 530 PA from the contralateral white matter of upper cervical segments. More than 90% of these neurons were activated from the lateral half of the contralateral lateral funiculus. Twenty-two of these neurons were activated antidromically from both Cq and C,. At all cervical levels, the majority was activated antidromically from the ventrolateral funiculus (VLF) . No segregation of axons in the dorsolateral funiculus or VLF according to diencephalic projections, recording site, or physiological classification was apparent.
9. Conduction velocities from the recording point to sites in Cq, C2, and the brain from which STT, STT/SHT, and STT/U neurons were activated antidromically were calculated. The mean t SE conduction velocity to Cq was 22.5 t_ 1.0 m/s, to C, was 21.5 t 1.9 m/s, and to the initial low-threshold point in the brain was INTRODUCTION Stimulation of cutaneous and visceral structures in the perineum and pelvis affects the activity of neurons in widely scattered areas of the diencephalon. For example, neurons located in and around the ventrobasal complex (Barraclough and Cross 1963; Berkley et al. 1993; Bruggemann et al. 1994; Chandler et al. 1992; Cross and Silver 1965; Hellon and Misra 1973; Kanosue et al. 1984 Kanosue et al. , 1985 Rose 1975b Rose , 1978 Rose , 1979 Rose and Sutin 1971) and posterior nuclear group (Bruggemann et al. 1994; Rose 1975b Rose , 1979 ; Rose and Sutin 197 1) of the thalamus respond to innocuous or noxious mechanical or thermal stimuli applied to sacral dermatomes. In addition, neurons in these thalamic areas respond to stimulation of pelvic visceral structures including the urinary bladder (Berkley et al. 1993; Bruggemann et al. 1994; Chandler et al. 1992) , colon and rectum (Berkley et al. 1993; Bruggemann et al. 1994; Rose 1975b Rose , 1979 , and internal genitalia (Barraclough and Cross 1963; Berkley et al. 1993; Cross and Silver 1965; Rose 1975b Rose , 1978 Rose , 1979 Rose and Sutin 197 1) . Activity of neurons in various hypothalamic regions also is affected by stimulation of sacral dermatomes (Barraclough and Cross 1963; Bueno and Pfaff 1976; Chan et al. 1984; Chhina and Anand 1969; Cross and Silver 1965; Hamamura et al. 1984; Kawakami and Kubo 1971; Kawakami and Saito 1965; Kanosue et al. 1984 Kanosue et al. , 1985 Li and Thornhill 1993; Lincoln and Cross 1967; Nakayama et al. 1979; Sikdar and Oomura 1985; Taylor and Gayton 1986; Yagi and Onaka 1991) or pelvic visceral structures (Akaishi et al. 1988; Barraclough and Cross 1963; Blake and Sawyer 1972; Boer and Nolten 1978; Brooks et al. 1966; Chan et al. 1984; Chhina and Anand 1969; Cross and Silver 1965; Dreifuss et al. 1976; Freund-Mercier and Richard 1977; Hyland et al. 1987; Kawakami and Kubo 1971; Kawakami and Saito 1965; Lincoln and Cross 1967; Myers and Jennings 1985; Negoro et al. 1973; Ramirez et al. 1967; Rose 1978; Stuart et al. 1964a,b; Summerlee 1981) . Stimulation of pelvic visceral structures also increases the expression of c-fos in selective thalamic and hypothalamic areas (Rowe and Erskine 1993) , and mating induces c-fos, c-jun and junb expression in several hypothalamic nuclei (Flanagan-Cat0 and McEwen 1995) . Different regions of the thalamus and hypothalamus generally are thought to subserve different functions associated with processing of information about somatic and visceral stimuli including painful stimuli. For example, the ventrobasal complex of the thalamus is considered to participate in sensory-discriminative aspects of somatic sensation (reviewed in Willis and Coggeshall 1991) . The hypothalamus, on the other hand, is thought to be involved in the integration of autonomic, neuroendocrine and possibly affective responses to somatic stimuli (see references in Giesler et al. 1994) . It is possible that the differing functional roles of the thalamus and hypothalamus reflect differing inputs to these areas from spinal segments involved in processing of somatic and visceral stimuli.
Although activity of neurons in various regions of the diencephalon has been shown to be altered by somatic and visceral stimuli in the pelvis and perineum, little is known about how this information reaches these areas. Retrograde tracing studies consistently have demonstrated direct projections from sacral spinal segments to diencephalic areas. Neurons in sacral segments have been labeled retrogradely after injections of tracers into the thalamus of rats (Burstein et al. 1990b ), cats (Craig et al. 1989 Katter et al. 1991), or primates (Apkarian and Hodge 1989a; Willis et al. 1979) . Injections of retrograde tracers into the hypothalamus of rats (Burstein et al. 1990a ) and cats (Katter et al. 1991 ) also labeled neurons in the sacral spinal cord. However, in these retrograde tracing studies, the injections were intended to fill relatively large areas of either the thalamus or hypothalamus. Consequently, these studies provide little information about whether subpopulations of sacral neurons project to specific nuclei within the thalamus or hypothalamus. In two studies in rats, at least a few neurons in sacral segments were labeled retrogradely after injections of tracers that were restricted to specific thalamic areas including the posterior nuclear group of the thalamus at the mesodiencephalic junction (Ledoux et al. 1987 ) and nucleus submedius (Dado and Giesler 1990) . However, the retrograde labeling in sacral segments has not been examined in other studies of spinal projections to other thalamic or hypothalamic areas.
For the most part, the sites of termination in the diencephalon of axons of sacral neurons remain unknown. Using degeneration techniques, Wallenberg ( 1928) followed fibers that apparently originated in sacral segments from the medial lemniscus into the mammillary nuclei and other areas of the hypothalamus. Other experimental axonal degeneration and anterograde tracing studies in animals have demonstrated projections of spinal neurons to different thalamic nuclei (Apkarian and Hodge 1989~; Berkley 1980; Boivie 1971 Boivie , 1979 Chang and Ruth 1947; Cliffer et al. 1991; Craig and Burton 1985; Getz 1952; Jones and Burton 1974; Kerr 1975; Ledoux et al. 1987; Le Gros Clark 1936; Lund and Webster 1967; Mantyh 1983; Morin et al. 1951; Mehler 1969; Mehler et al. 1960; Peschanski et al. 1983; Zemlan et al. 1978) and to the hypothalamus (Chang and Ruth 1947, 1949; Cliffer et al. 199 1; Morin et al. 195 1) . However, degenerating fibers were observed in the thalamus after spinal lesions that disrupted fibers ascending from cervical, thoracic, or lumbar, as well as sacral, segments. Similarly, the pattern of anterograde labeling in the diencephalon has been determined after injections of anterograde tracers into the cervical or lumbar enlargements, but not sacral segments. Chang and Ruth ( 1947) were the only investigators to examine the pattern of degeneration after selective lesions of caudal spinal segments. They observed degenerating fibers in the lateral ventroposterior lateral nucleus of the thalamus and in the supraoptic decussation near the hypothalamus after spinal lesions at the first caudal segment in primates (Chang and Ruth 1947) .
In a few electrophysiological studies, neurons in the sacral cord have been activated antidromically from the thalamus (Kanui 1985; Milne et al. 1981; Ness and Gebhart 1987) . However, the projections of these neurons to specific thalamic areas or to diencephalic targets outside the thalamus were not studied systematically in these previous studies. Studies in which antidromic mapping techniques were used to follow axons of spinal neurons to their targets in the diencephalon have focused on following the axons of neurons in the cervical (Dado et al. 1994a ) and lumbar (Applebaum et al. 1979; Burstein et al. 1991) enlargements.
One purpose of this study, therefore, was to use antidromic mapping techniques to identify the areas within the diencephalon where axons arising from neurons in sacral segments terminate. As discussed previously (Dado et al. 1994a) , this technique offers the advantage of being able to follow the course of individual axons over relatively long distances to their putative sites of termination. In other systems, the projections observed using such techniques have been confirmed by intra-axonal recording and staining with horseradish peroxidase (see references cited in Dado et al. 1994a) . Another advantage of using antidromic mapping techniques is that the types of somatic or visceral sensory information that are carried by individual axons to specific targets can be studied. We therefore determined whether sacral spinal neurons that projected to specific areas of the diencephalon transmitted different types of somatosensory or visceral information. In this study, the diencephalic projections of neurons in the sacral spinal cord of rats, including neurons whose responses to somatic and visceral sensory information had been determined, are described. The responses of some of these neurons to somatic and visceral stimuli are described in the companion paper (Katter et al. 1996) .
METHODS
Adult Sprague-Dawley rats of both sexes weighing 350-500 g were anesthetized with urethane ( 1.3 g/kg ip). Urethan was used as an anesthetic because it does not interfere with neurotransmission through ascending somatosensory systems in doses that produce surgical levels of anesthesia (reviewed by Maggi and Meli 1986) . In several early experiments, we verified that this dose of urethane was sufficient to provide a deep level of anesthesia for the duration of these experiments by delivering noxious pinches to different areas of the body after allowing rats to recover periodically from paralysis. Withdrawal responses to these pinches were never seen.
The jugular vein was cannulated, and a tracheotomy was performed. Rats then were placed in a stereotaxic frame and artificially ventilated. Rats were paralyzed with a continuous infusion of gallamine triethiodide (Flaxedil, 20 mg/h). End-tidal CO2 was monitored and maintained between 4 and 5%. Core temperature was monitored by insertion of a thermode into the abdomen through an incision in the right flank and was maintained at -37OC using a thermostatically controlled heating pad. Two pairs of spinal clamps were used to stabilize the vertebral column at roughly the 13th thoracic and third lumbar vertebrae. A laminectomy between these pairs of clamps exposed the dorsal surface of the spinal cord from roughly L5-S3. A clamp was placed on the eleventh thoracic vertebra for further stabilization of the vertebral column. A second laminectomy exposed cervical segments C2-C6 to allow insertion of a stainless steel stimulating electrode into the white matter of the cervical spinal cord. Warm agar was poured around the cervical and lumbar vertebral column and was allowed to harden. The agar immediately overlying the cervical and lumbosacral segments of interest was removed carefully, and the dura then was cut and retracted. Warm mineral oil was poured into pools to cover these exposed segments. A craniotomy exposed the brain over the diencephalon bilaterally to allow the insertion of stainless steel monopolar stimulating electrodes.
Single units were recorded using stainless steel (10 MO) or tungsten (0.1 -1 MO) microelectrodes or glass microelectrodes filled with a solution of 0.5 M sodium acetate and 2% pontamine sky blue . Cathodal current pulses (500 PA, 200 ,us, 10 Hz) through one or two monopolar stimulating electrodes placed in the contralateral diencephalon were used to search for neurons. The stimulating electrodes used in this study were similar to those described previously (Dado et al. 1994a) . Once an antidromically identified unit was isolated, we determined from which stimulation electrode (i.e., medial or lateral) the unit was antidromically activated. Both electrodes were withdrawn from the brain, and the ineffective stimulating electrode was removed. The remaining stimulating electrode then was moved as described previously (Dado et al. 1994a ) until the unit was activated antidromically with currents 530 ,QA. Only neurons activated antidromically with currents 530 ,uA were included in this study. Locations from which neurons were activated antidromically with currents 530 ,uA are referred to as low threshold points. Criteria for antidromic activation included the following:
response at a relatively constant latency ( <0.2 ms variability), ability to follow high-frequency stimulation ( 2333 Hz), and collision of putative antidromic action potentials with orthodromic action potentials. All units included in this study met these criteria for antidromic activation.
Once antidromic activation from the contralateral posterior diencephalon had been demonstrated, a second stimulating electrode was inserted into the contralateral white matter of the cervical spinal cord, usually between C, and Cg. Thresholds for antidromic activation from the cervical cord were determined as described previously (Dado et al. 1994~) . In 22 experiments, after finding the point at which a neuron was activated antidromically from C, with the lowest current, the stimulating electrode was removed from C4 while that in the brain was left in place. The cervical stimulating electrode then was moved anteriorly to C2 and reinserted, and systematic antidromic mapping techniques were used to find the lowest threshold point for antidromic activation from CT. Antidromic mapping to follow individual axons was done as previously described (Dado et al. 1994a) . Briefly, antidromic action potentials generated from stimulation at each low-threshold point in the brain were collided with action potentials generated from stimulation at a low-threshold point in the cervical cord. This procedure was used to demonstrate that the same axon was stimulated at each low-threshold point in the brain. This antidromic mapping was often done at several anterior-posterior levels in attempts to determine with more accuracy the course in the diencephalon through which an axon projected.
As described in the companion paper (Katter et al. 1996) , 58 neurons were classified as low-threshold (LT), wide dynamic range (WDR) or high-threshold (HT) neurons on the basis of their responsiveness to a series of innocuous and noxious mechanical stimuli applied to their cutaneous receptive fields. Forty-two of these LT, WDR, and HT neurons also were tested for their responsiveness to colorectal or vaginal distention with a series of increas- ingly intense pressures (for details of the stimuli used, see Katter et al. 1996) . At the end of each experiment, electrolytic lesions were made as previously described (Dado et al. 1994a-c) to mark low-threshold points in the brain and cervical cord and to mark the recording point. Photomicrographs of typical lesions marking recording sites and sites of low threshold points for antidromic activation from the cervical cord and brain are shown in Fig. 1 .
Rats were perfused and the brain and cervical and sacral segments were identified, removed, and the tissue was processed as previously described (Dado et al. 1994a-c) .
The locations of lesions were reconstructed using a drawing tube attached to the microscope. Lesions in the cervical cord were assigned to the dorsolateral funiculus (DLF) , the ventrolateral funiculus (VLF) , or the ventral funiculus as described previously (Dado et al. 1994~) . The atlas of Paxinos and Watson ( 1986) was used to help identify the locations of lesions within the brain.
The numbers of spinothalamic tract (STT) neurons classified physiologically as LT, WDR, or HT that were activated antidromitally from low theshold points at different levels of the thalamus were compared using a x2 analysis. Chi square was also used to compare the numbers of LT, WDR, and HT neurons that were classified as STT or spinothalamic tract/spinohypothalamic tract (STTEHT) neurons. The number of STT and STT/SHT neurons excited or unaffected by either colorectal or vaginal distention were compared using a x2 analysis. An analysis of variance was used to test for statistically significant differences between the conduction velocities of neurons to the cervical cord and brain. For all statistical analyses, differences for which a P value <0.05 was obtained were considered statistically significant. area (LRA) and dorsal gray commissure, and 4 (4%) were located in the intermediate zone and ventral horn (IZ/VH). The lesions marking the recording sites of two other units could not be assigned with certainty to a specific area. One of these lesions was located on the border between the SDH and DDH, and the other could not be assigned with certainty to either the SDH or the lateral spinal nucleus (LSN). In rats, the sacral parasympathetic nucleus (SPN) lies in the ventral half of the LRA and dorsal portion of the IZ/VH at the lateral edge of the gray matter (Nadelhaft and Booth 1984) . Although it is difficult to define its borders in Nisslstained tissue sections, lesions for seven units recorded in the LRA and IZ/VH in this study appeared to be located in the region of the SPN.
Neurons cord activated antidromically from the cervical spinal Eighty of the 95 units that initially were activated antidromically with currents 530 PA from sites in the contralatera1 diencephalon also were activated antidromically with currents 530 PA from a second stimulating electrode inserted into the contralateral white matter of the cervical spinal cord. One neuron was activated antidromically from only C2, 1 from only C3, 72 from Cd, 5 from only Cg, and 1 from only C,.
was activated antidromically from a low-threshold point in the contralateral VLF of C4 (Fig. 4 , bottom). Its estimated conduction velocity to C, was 19.6 m/se. Action potentials elicited from stimulation in C4 collided with the antidromic For 22 neurons activated antidromically from low threshaction potential elicited from the thalamus when the interval old points in C 4, the locations of low-threshold points for antidromic activation from C, also were determined. An example of one of these units is illustrated in Fig. 4 . This unit, recorded in the LRA of S2, initially was activated antidromitally with 8 PA of current at a latency of 7.8 ms from the contralateral posterior thalamus. Its estimated conduction velocity to this point in the brain was 15.3 m/s. This unit met criteria for antidromic activation (Fig. 4 , traces in l-3). Using a second stimulating electrode, this neuron then
RESULTS

Antidromic activation
In spi nal segments L6-S2, 1 2 neu rons in m ale rats and 83 urons in female rats were ini tially activated antidromica .lly ne with currents 530 PA from the contralateral diencephalon.
were apparent, neurons recorded in males and females were Because no differences in the projections of these neurons pooled for analysis. The mean t SE current for antidromic activation from 95 initial low threshold points was 16 t 0.8 ,uA. An example of antidromic activation of a neuron recorded in LG is shown in Fig. 2 . Electrode penetrations were made terior across the mediol diencephalon. A .ateral exten single low t of the contralateral threshold point for posantidromic activation of 3 PA was found in the fifth penetration from the right ( Fig. 2A, circled) . This point was surrounded dorsal1 .y, ventra lly, medially, and laterally by points at which higher currents were required for antidromic activation. This between stimulation at these sites was reduced (Fig. 4 , trace 9). This demonstrates that action potentials elicited from stimulation at these two sites traveled in the same axon. This neuron could not be activated antidromically with 5500 PA of current from penetrations through C, that mm medial to the penetration containing the were 0.6 and 1.1 lowest threshold point for antidromic activation. When the cervical stimulat-I unit met standard criteria for antidromic activation (Fig. 2C) .
ing electrode then was removed from C, and inserted into C, the unit was activated antidromically from the contralatRecording sites era1 VLF with 2 PA of current. Its estimated conduction velocity to C, was 17.9 m/s. Action potentials generated Forty-six neurons were recorded in Lg, 6 at the border from stimulation at this lowest threshold point in C, also between L6 and SI, 39 in S1, and 3 in &. The segmental collided with the antidromic action potential elicited from loca tion of the recording site was not identified for one neuron. Recon structions of the locations of electrolytic lesions 5). Twenty-two lesions were recovered in C2, 63 in C4, and between the SDH and LSN, and three in the DDH. The 6 in C5-C6, and the locations of these lesions are summarecording site of one of these neurons was not recovered. rized in Table 1 . One lesion in C2, one in C3, and nine Lesions marking lowest threshold points for two units (33%) in C4 were not recovered. Of the four activated from the in G-C6 were located at the border between the contralateral contralateral DLF in C2, one was recorded in the SDH and DLF and VLF and could not be assigned with certainty to three in the DDH. Of the six activated from the contralateral either of these areas. DLF of C4, one was recorded in the SDH, one at the border Fifty-five units classified as LT, WDR, or HT were acti- A : reconstructions of locations of penetrations with a stimulating electrode across mediolateral extent of the contralateral diencephalon. Dots and numbers refer to antidromic thresholds at those locations. This neuron was not activated antidromically with 5500 PA of current in 3 most medial penetrations.
As stimulating electrode was moved farther laterally, neuron was activated antidromitally with progressively lower currents until a low-threshold point of 3 ,uA (circled) was reached. In that penetration, antidromic threshold then increased again as stimulating electrode was advanced farther ventrally. Electrolytic lesion marking low-threshold point was located just dorsal to medial lemniscus in ventral part of ventrobasal complex (VbC) of the thalamus. B : recording location in medial half of nucleus proprius in Lg. C: this neuron met standard criteria for antidromic activation including activation at a constant latency (top, 3 overlapping traces), ability to follow stimulation frequencies as high as 333 Hz (middle) and collision of an orthodromically evoked action potential with a putative antidromic action potential (bottom).
RN, reticular nucleus of the thalamus; VPL, ventral posterolateral nucleus of the thalamus; VPM, ventral posteromedial nucleus of the thalamus; FR, Fasciculus retroflexus; CP, Cerebral peduncle.
vated antidromically from one or more levels of the cervical spinal cord. Table 2 summarizes the locations of lesions marking low-threshold points for antidromic activation of these neurons according to their physiological classification. There was no apparent segregation according to physiological classification of the locations of low-threshold points for antidromic activation from cervical segments.
Antidromic mapping in the brain
In 41 experiments, we attempted to determine whether neurons that initially were activated antidromically from low-threshold points in the contralateral posterior diencephalon also could be activated antidromically with low currents from more anterior levels. In these experiments, penetrations with a stimulating electrode typically were made across the mediolateral extent of the contralateral diencephalon at mulan experiment in which a neuron recorded in S, was activated antidromically with currents 530 PA from four anteriorposterior levels. As the stimulating electrode in the brain was moved anteriorly, this unit was activated antidromically at progressively longer latencies (Fig. 6 , traces 10, 7, 4, and 1). For this and all other neurons activated from multiple low-threshold points in the brain, antidromic action potentials elicited from stimulation at each low-threshold point in the brain collided with action potentials generated from stimulation at a low-threshold point in the contralateral white matter of the cervical cord (Fig. 6 , traces 12, 9, 6, and 3).
Neurons activated antidromically from only the contralateral thalamus (STT neurons )
Of 41 neurons tested for additional projections, 33 (80%) were activated antidromically with currents 530 PA only tiple anterior-posterior levels. Figure 6 illustrates results of from sites within the contralateral thalamus. these neurons, low-threshold points in the thalamus were surrounded anteriorly by penetrations in which the unit could not be activated with 5500 PA of current. These neurons therefore were classified as STT neurons. An example of one STT neuron is illustrated in Fig. 7 . Lesions marking two low-threshold points in anterior penetrations were located at the ventral and lateral border of the ventrobasal complex (VbC; Fig. 7 , points B and C, middle Zefi). These points were surrounded anteriorly, medially, and laterally by points at which higher currents were required for antidromic activation of this neuron (Fig. 7, top left) . In addition, this neuron could not be activated antidromically with 5500 PA of current in penetrations made 2 mm anterior to this level across the mediolateral extent of the contralateral diencephalon. This LT neuron therefore appeared to terminate near or within the contralateral VbC.
The locations of lesions marking all the points from which 33 STT neurons were activated antidromically with currents 530 PA are summarized in Fig. 8 . Several STT neurons were activated antidromically from low-threshold points in more than one thalamic area. At levels posterior to the VbC, lesions were concentrated in and near the medial lemniscus (ML), posterior thalamic nuclear group (PO), medial geniculate nucleus (MC), anterior pretectal nucleus (Apt), and zona incerta (21). One STT neuron also was activated antidromically at a longer latency from a low-threshold point in the amygdala. At the anterior-posterior level of the VbC, most lesions were located in the VbC and surrounding its ventral and lateral borders. A few lesions were found in the ZI or internal capsule at this level, and three were located within or near the intralaminar thalamic nuclei including the parafascicular nucleus (Pf) and the central lateral nucleus (CL). ' The location of the most anterior point at which antidromic activation was achieved with currents 530 PA was determined for 31 STT neurons. Fourteen of 31 STT neurons (45%) only could be activated antidromically with low currents from points posterior to the level of the VbC. Lesions marking the locations from which these 14 STT neurons were activated antidromically at the longest latency were located in the ML (4/14, 29%), the APt (2/14, 14%), the optic tract (OT; 2/ 14, 14%) and in and around PO and the MG (6/14, 43%). Sixteen of 31 STT neurons (52%) were activated antidromically with low currents from points at the level of the VbC but not from levels anterior to the VbC. Lesions marking the points from which these STT neurons were activated antidromically at the longest latency were located in or on the borders of the VbC ( 13 / 16, 8 1%) , the ZI (2/16, 13%) and Pf (l/16,6%).
One of 31 STT neurons ( 3% ) was activated antidromically from points anterior to the VbC. The lesion marking the most anterior point for antidromic activation of this neuron with currents 530 PA was located within the anteroventral nucleus of the thalamus. For two other STT neurons, lesions marking the locations of the most anterior points for antidromic activation could not be assigned with certainty to either the VbC or regions just posterior to the VbC.
Neurons activated antidromically from both the contralateral thalamus and hypothalamus (STT/SHT neurons)
Of the 41 neurons adequately tested for projections beyond the contralateral posterior thalamus, 8 (20%) also could be activated antidromically with currents 530 PA from the contralateral hypothalamus. Because lesions marking low-threshold points for antidromic activation of these neurons were located within both the contralateral thalamus and hypothalamus, these neurons were classified as STT/ SHT neurons. Locations of lesions marking low-threshold points for STT/SHT neurons are summarized in Fig. 8 . In the contralateral posterior diencephalon, these lesions were located in the same regions in which lesions marking the locations of axons of STT neurons were found, including the ML, PO, MG, APt, and ZI. None were located laterally in the OT at levels posterior to the VbC. More anteriorly, lesions were found in the contralateral hypothalamus primarily in the OT, supraoptic decussation (SOD), and lateral hypothalamus (LH).
In five (63%) STT/SHT neurons, a single axon appeared to course through the contralateral thalamus as it ascended to the hypothalamus. Each of these neurons was activated antidromically with currents 530 PA from a single lowthreshold point in the contralateral thalamus at posterior levels of the diencephalon. As the stimulating electrode in the brain then was moved anteriorly, each of these neurons was activated antidromically with low currents from points within only the hypothalamus.
In contrast, for three (38%) STT/SHT neurons, the parent axon appeared to branch between the cervical cord and the contralateral posterior diencephalon so that two separate axons ascended through the thalamus and hypothalamus. An example of one of these STT/SHT neurons is illustrated in Fig. 9 . As the stimulating electrode was moved ventrally through the contralateral diencephalon, this STT/ SHT neuron was activated antidromically at different latencies from two low-threshold points at different depths in the same penetration (Fig. 9, C and 0 in thalamus collided with action potentials generated from stimulation in C2 (6)) indicating that action potentials produced by stimulation in thalamus and in C2 traveled in same axon. Bottom row: reconstruction of locations of penetrations made through C4 contralaterally. In Cq, this neuron was activated antidromically with 5 PA from a point (circled) in the VLF. It was activated at a constant latency of 4.5 ms from this point ( 7, 3 overlapping traces), and antidromic action potential elicited from stimulation in thalamus collided with action potentials generated from stimulation in C4 (9). In this and subsequent figures (Figs. 6 and lo) activated again antidromically at differing latencies from two low-threshold points at different depths within the same penetration (Fig. 9, A and B) . Antidromic action potentials elicited from each low-threshold point in the brain collided with action potentials generated from stimulation at the same low-threshold point in the cervical cord white matter (not shown). This STT/SHT neuron was activated antidromitally from only a single low-threshold point in the contralatera1 white matter of C4 (Fig. 9) .
For each of the three STT/SHT neurons with apparently two axons in the contralateral diencephalon, lowthreshold points for antidromic activation were found at different depths at the same anterior-posterior level. Two of these neurons were activated antidromically with cur- rents 530 PA at two different depths within the same penetration. In all three neurons, the antidromic latencies for the dorsal and ventral low-threshold points differed. Low-threshold points at two different depths were separated dorsoventrally from each other by points at which higher currents were required for antidromic activation.
Lesions marking the ventral low-threshold points for antidromic activation of these three neurons were located in the OT (n = 1) and in the posterior LH (n = 2). The dorsal low-threshold points for all three of these STT/ SHT neurons were located in intralaminar nuclei of the thalamus: lesions for two of these neurons were located in Pf and one in CL. One of these STT/SHT neurons, which was classified physiologically as an LT neuron, also was activated antidromically from a low-threshold point in the VbC. The other two neurons activated from both the intralaminar nuclei of the thalamus and hypothalamus were classified as HT neurons.
Neurons activated antidromically from the contralateral thalamus, contralateral hypothalamus, and ipsilateral hypothalamus Seven STT/SHT units that were activated antidromitally from the contralateral thalamus and hypothalamus were tested for additional projections to the ipsilateral brain. Only two (29%) were activated antidromically with currents 1~30 PA from sites within the ipsilateral hypothalamus. The antidromic latencies from the ipsilatera1 hypothalamus were longer than those from the contralateral hypothalamus. Both of these STT/SHT neurons also were tested for projections beyond the ipsilateral hypothalamus. For one of these neurons, the low-threshold point for antidromic activation in the ipsilateral hypothalamus was surrounded anteriorly, laterally, posteriorly, dorsally, and ventrally by points at which either higher currents were required for antidromic activation or the unit could not be activated antidromically with 5500 PA of current. This STT/SHT neuron, therefore, appeared to terminate within the ipsilateral hypothalamus.
The other STT/SHT neuron that was activated antidromitally from low-threshold points in the ipsilateral hypothalamus also was activated antidromically from low-threshold points in the ipsilateral diencephalon that were outside the hypothalamus. Results of this experiment are illustrated in Fig. 10 . After antidromic activation from low-threshold points at multiple levels of the contralateral diencephalon, this STT/SHT neuron was also activated antidromically with currents 530 PA from points 6 . Antidromic activation of a neuron recorded in S1 from 4 different anterior-posterior levels in the brain. A lesion marking site from which this neuron initially was activated antidromically with 9 ,uA was located just medial to MG at contralateral mesodiencephalic junction (0). Antidromic action potentials elicited from this site occurred at a constant latency of 8.5 ms (10, 3 overlapping traces). Using a 2nd stimulating electrode, this neuron also was activated antidromically from a low-threshold point in cervical spinal cord (II ) . When interval between stimulation in brain and cervical cord was reduced, antidromic action potential elicited from stimulation in brain collided with action potentials generated from stimulation in cervical cord ( 12). Stimulating electrode in brain then was moved anteriorly, and neuron was activated antidromically with low currents from 3 more anterior levels. Lesions marking low-threshold points at each of these more anterior levels were located progressively more medially and ventrally near or in the contralateral hypothalamus ( C-A ) . Lesion marking most anterior point from which this neuron could be activated antidromically with currents 530 yA was located in lateral hypothalamus (A) . As stimulating electrode in brain was moved anteriorly, the antidromic latency progressively increased to 10.2 ( 7)) 10.8 (4)) and 13.4 ( I ) ms. This indicates that antidromic activation from more anterior levels was not due simply to spread of current to more posterior levels. Antidromic action potentials elicited from stimulation at each of these more anterior levels collided with action potentials generated from stimulation at the same low-threshold point in cervical cord (traces 9, 6, and 3). F, fornix; PvN, Paraventricular nucleus of the hypothalamus; MtT, mammillothalamic tract; IC, internal capsule; Re, red nucleus (midbrain); SN, substantia nigra. This neuron initially was activated antidromically activated with 7 PA at a latency of 6.7 ms from near anterior pretectal nucleus (Apt) in contralateral posterior thalamus (C). As stimulating electrode was advanced another l-2 mm ventrally, the antidromic threshold progressively increased until this neuron was no longer activated antidromically with 5500 PA of current. As stimulating electrode was advanced farther, this neuron again was activated antidromically, and a second low-threshold point of 22 PA at a latency of 6.4 ms was achieved from near medial lemniscus (0). When stimulating electrode was withdrawn and moved anteriorly, this neuron again was activated antidromically from 2 low-threshold points within same penetration. Dorsally, it was activated with 3 PA from near central lateral nucleus of thalamus (A). As stimulating electrode was advanced further ventrally, this neuron was activated antidromically with 10 PA from a point in lateral hypothalamus near zona incerta (21; B). Antidromic latencies for these 2 sites also differed. A single low-threshold point was obtained in contralateral cervical cord. Antidromic action potentials elicited from stimulation at each low-threshold point in the brain (A-D) collided with action potentials generated from stimulation in Cd. Taken together, these findings suggest that 1 axon collateral of this STT/SHT neuron ascended dorsally through contralateral thalamus and another more ventrally near medial lemniscus to enter contralateral hypothalamus.
in the ipsilateral brain extending posteriorly from the hypothalaNeurons activated antidromically from only the mus back to the posterior pole of the MG. Action potentials contralateral hypothalamus (SHT neurons) elicited from these sites in the ipsilateral diencephalon occurred at progressively longer latencies as the stimulating electrode Three neurons initially were activated antidromically with was moved posteriorly (Fig. 10, right) . We were unable to currents 530 ,LLA from low-threshold points within only the determine whether this neuron could be activated antidromicontralateral hypothalamus. These three neurons therefore tally from penetrations made posterior to the MG in the ipsilatwere classified as SHT neurons. In one of these experiments, era1 brain.
the stimulating electrode initially was placed into the contra- lateral diencephalon at a more anterior level than in other experiments. The lesion marking the initial low-threshold point for antidromic activation of this unit was located in the hypothalamus in the SOD (Fig. 8) . No attempts were made to activate this neuron antidromically from more posterior levels of the contralateral diencephalon. Two other neurons initially were activated antidromically with currents 530 p,A from the hypothalamus in the contralateral posterior diencephalon. Lesions marking low-threshold points for antidromic activation of these two SHT neurons in the posterior diencephalon were located in the LH and OT (Fig. 8) .
One of these units was tested for more anterior projections with systematic antidromic mapping. It was activated antidromically with currents 530 PA at longer latency from the LH more anteriorly. The low-threshold point in the LH at this more anterior level was surrounded anteriorly, medially, laterally, dorsally, and ventrally by points at which either higher currents were required for antidromic activation or it could not be activated antidromically with 5500 PA of current. Thus the axon of this SHT neuron appeared to terminate within this region of the LH. This SHT neuron was not activated antidromically with currents 530 ,uA from points within the thalamus in penetrations across the mediolateral extent of the contralateral diencephalon at the level of the posterior pole of the VbC.
Neurons not adequately tested for more anterior projections (STT/U neurons)
For 5 1 neurons recorded in L6-&, the number of penetrations made at different anterior-posterior levels was not sufficient to determine whether these neurons projected beyond the site from which they initially were activated antidromitally. These neurons are therefore classified as STT/U neurons to indicate that it is unknown whether they projected to more anterior levels of the diencephalon. Lesions marking low-threshold points for antidromic activation were recovered for 49 of these neurons (Fig. 11) . Other than the virtual absence of lesions at more anterior levels, no differences between the locations of low-threshold points for antidromic activation of STT/U and STT or STT/SHT neurons were apparent.
Sites of antidromic acti characterized neurons va tion of physiologically
Fifty-eight neurons in L(,-S3 that were classified as LT, WDR, or HT neurons were activated antidromically from one or more low-threshold points in the contralateral diencephalon. Locations of lesions marking these sites are shown in Fig. 12 . At levels posterior to the ventrobasal complex, LT, WDR, and HT neurons all were activated antidromically from sites in and around PO and the MG in the lateral thalamus. Only nociceptive neurons, however, were activated antidromically from near the APt and other sites in the medial thalamus at these posterior levels. At the anterior-posterior level of the VbC, lesions marking points at which LT, WDR, and HT neurons were activated antidromically with low currents were located primarily in the VbC and Pf. A few lesions at this level were found in the ZI and the hypothalamus.
Ten LT, 11 WDR, and 8 HT neurons were classified as STT neurons because they could be activated antidromically with currents 530 p,A only from points within the thalamus. One LT, one WDR, and three HT neurons were activated antidromically with currents 530 p,A from points within both the thalamus and hypothalamus and were therefore classified as STT/SHT neurons. The numbers of LT, WDR, and HT neurons classified as STT neurons did not differ from those classified as STT/SHT neurons.
The most anterior point from which each of 29 physiologically characterized STT neurons was activated antidromitally with currents 530 ,xA, and the point from which each was activated antidromically at the longest latency, is summarized in Table 3 . Lesions marking these points for two LT neurons could not be assigned with certainty to either the VbC or to the region of PO that borders it posteriorly.
The numbers of LT, WDR, and HT neurons for which the most anterior point for antidromic activation with currents 530 p,A was located in the VbC were compared with the numbers of these types of neurons that could only be activated antidromically with currents 530 PA from points posterior to the VbC. The differences between the number of LT, WDR, and HT neurons that appeared to terminate in these two regions were statistically significant. Thus the most anterior low-threshold point for STT neurons characterized was activated antidromically with 7 ,YA from just medial to contralateral medial geniculate nucleus (point A). Antidromic latency from point A was 7.7 ms (A at bottom right). At same anterior-posterior level, this neuron was activated antidromically from a second low-threshold point located near cerebral peduncle at a latency of 8.2 msec (point B). The axon of this neuron appeared to ascend to a point just medial to the MG in contralateral posterior diencephalon where it then seemed to turn ventrally and laterally to pass toward optic tract before ascending to more anterior levels. This neuron then was activated antidromically from low-threshold points located more anteriorly, medially, and ventrally in the contralateral hypothalamus (points D-F, bottom Zeft). Antidromic action potentials elicited from stimulation at these sites in contralateral hypothalamus occurred at progressively longer latencies (traces ,!I-F, bottom right). This neuron could not be activated antidromically with low currents in penetrations made anterior to hypothalamus either contralaterally or ipsilaterally, but it was activated antidromically from low-threshold points within hypothalamus ipsilateral to the recording point (points G-I).
It also was activated antidromically from low-threshold points in ipsilateral brain that were posterior to hypothalamus (points J-L). Antidromic action potentials generated from stimulation at low-threshold points in ipsilateral brain occurred at longer latencies than those elicited from stimulation in contralateral hypothalamus (traces G-L, bottom right).
This suggests that this axon crossed midline and entered ipsilateral diencephalon. This neuron also was activated antidromically from a low-threshold point in the contralateral ventrolateral funiculus of C4, and action potentials generated from stimulation in C4 collided with antidromic action potentials elicited from stimulation at each low-threshold point in brain (not illustrated).
Sep, septal nuclei; AC, anterior commissure; ScN, suprachiasmatic nucleus. SNC, substantia nigra, pars compacta; SNR, substantia nigra, pars reticulata; AR, acoustic radiation. physiologically as LT neurons was more likely to be in the VbC than in areas posterior to the VbC. In contrast, the most anterior low-threshold point for nociceptive STT neurons (WDR and HT neurons) was more likely to be in areas posterior to the VbC.
Sites of antidromic activation of neurons responsive to colorectal or vaginal distention
Of the 95 neurons that were activated antidromically with currents 530 PA from points within the contralateral diencephalon, 19 were excited by either colorectal or vaginal distention ( see companion paper, Katter et al. 1996) . Locations of lesions marking low-threshold points for antidromic activation of these neurons are shown in Fig. 13 . Neurons excited by these stimuli were activated antidromically from low-threshold points within several thalamic regions including PO, MG, APt, Pf, and the VbC. In addition, several low-threshold points were located in the hypothalamus in the SOD and LH. All of the STT and SIT/ SHT neurons activated antidromically from low-threshold points in the intralaminar nuclei of the thalamus that were tested with colorectal distention (CrD) or vaginal distention (VaD) were excited. Other differences between the locations of lesions marking low-threshold points for neurons excited by CrD or VaD were not apparent.
Four STT/SHT neurons and 23 STT neurons were tested for their responsiveness to CrD. Three of the four STT/SHT neurons (75%) tested with CrD were excited. Nine of the 23 STT neurons (39%) tested were excited by CrD. Four STT/SHT neurons and 14 STT neurons also were tested for neurons were activated antidromically from sites in medial thalamus. At level of VbC, lesions marking low-threshold points for LT neurons were concentrated around ventral and lateral borders of VbC. Lesions marking low-threshold points for WDR and HT neurons, in contrast, were distributed more widely. Several lesions were located in the intralaminar thalamic nuclei, 21, and hypothalamus. SC, Superior colliculus; Spf, subparafascicular nucleus of the thalamus. 
Conduction velocities
Conduction velocities from the recording point to lowthreshold points for antidromic activation in the contralateral posterior diencephalon, the contralateral white matter of C2 and the contralateral white matter of C, were calculated and are shown in Fig. 14. The differences between the mean conduction velocities from the recording point to the brain and either C, or C, were statistically significant. The difference between the mean conduction velocity to C, and from C, to the brain was also statistically significant. The mean conduction velocities to C, and Cd, however, did not differ significantly.
In 22 experiments, conduction velocities to each of these three levels were determined for an individual neuron. For each of these 22 neurons, the conduction velocity slowed as the axon coursed from C, to C2 and then to the brain. The mean conduction velocity for these 22 neurons to C, was 21.2 t 1.7 m/s, to C, was 20.9 t 1.9 m/s, and to the brain was 16.7 t 1.6 m/s. The mean conduction velocity from C4 to C, was 18.3 t 4.2 m/s and from C, to the brain was 10.4 t 1.2 m/s. The differences between the mean conduction velocities to the brain and either C, or C, for these 22 neurons were statistically significant. The mean conduction velocities to C, and C, were not significantly different. The mean conduction velocity to C, was also not significantly different from that between C4 and C,. However, the conduction velocity to C4 was significantly faster than that between C2 and the brain, and the conduction velocity from C4 to C, also was faster than that from C, to the brain.
DISCUSSION
Technical considerations
In this study, antidromic activation was used to identify 95 neurons in the sacral spinal cord of rats that projected to the contralateral diencephalon. For 41 of these neurons, the stimulating electrode in the brain was moved systematically across the mediolateral extent of the contralateral diencephalon at multiple anterior-posterior levels in attempts to follow their axons to their targets. As discussed in detail previously (Dado et al. 1994a) , in experiments in which a neuron could not be activated antidromically from a given anterior-posterior plane despite this systematic mapping, it seems likely that the axon of that neuron did not reach or pass through the stimulated region. Therefore, neurons activated antidromically from penetrations made at a given anterior-posterior level, but not from penetrations made at more anterior levels, were likely to have terminated posterior to the level from which they could not be activated antidromically. For these reasons, the most anterior point from which a neuron was activated antidromically with currents 530 PA, and the point from which it was activated at the longest latency, was considered to represent the site at which that neuron terminated.
Locations of axons of sacral STT and STT/SHT neurons in the cervical spinal cord cal segments that were examined. This finding contrasts with a recent study in which approximately two-thirds of the axons of STT and STT/SHT neurons recorded in the cervical enlargement were located in the VLF at C-Cd, but -75% were located in the DLF at C, (Dado et al. 1994~) . This difference is unlikely to be accounted for by the small number of neurons recorded in the SDH in the present study because even the majority of neurons in the DDH in the cervical enlargement send axons through the DLF in CZ (Dado et al. 1994~) . It is possible that this difference in the locations of STT and STT/SHT axons in C2 represents a dorsoventrally organized somatotopy at this level, at least in rats. If this held true in humans, then percutaneous chordotomy of the VLF at C, might be expected to interrupt axons of STT neurons in sacral but not necessarily cervical segments. It would be interesting to determine whether this procedure affects pain sensations arising from these two spinal levels differently.
More than 90% of the lesions marking the lowest threshold points for antidromic activation of sacral STT, STT/ SHT, and STTKJ neurons were clustered in the lateral half of the lateral funiculus in the cervical spinal cord. Using identical techniques, axons of STT and STT/SHT neurons recorded in the cervical enlargement of rats were found to be concentrated in the medial half of the lateral funiculus (Dado et al. 1994~) . In addition, axons of SHT neurons recorded in the lumbar enlargement (Burstein et al. 1991) generally were located in an area of the cervical cord white matter that lies between the locations of axons of STT and STT/SHT neurons recorded in the cervical enlargement (Dado et al. 1994~) and sacral cord (present study). Figure  15 summarizes the locations of axons of STT and STT/SHT neurons recorded in the cervical enlargements and the sacral cord. Taken together, results of these studies provide evidence that axons of nociceptive STT and STT/SHT neurons are organized somatotopically in the mediolateral dimension in the white matter of cervical segments in rats.
Projections of sacral STT neurons and some functional implications
Eighty percent of the neurons that were tested for projections beyond the contralateral posterior diencephalon with systematic antidromic mapping could only be activated antiUsing antidromic mapping techniques, the locations of dromically with currents 530 PA from points located within the axons of individual sacral STT and STT/SHT neurons the thalamus. Of these STT neurons, 45% were activated were determined in the cervical cord. These axons were antidromically only from sites posterior to the ventrobasal concentrated i n the ventral half of the contralateral lateral funiculus near the lateral edge of the spi nal cord in all cervi- (Lund and Webster 1967; Mehler 1969; Zemlan et al. 1978) and anterograde tracing studies (Cliffer et al. 199 1; Ledoux et al. 1987) have demonstrated large numbers of axons of spinal origin in this region in rats. However, the extent to which STT axons terminated within or simply passed through this region was not entirely clear from these studies. In addition, the sites of termination of sacral STT neurons were not examined specifically. Our results indicate that axons of a substantial proportion of sacral STT neurons may terminate in and near the posterior thalamus in rats. Of the physiologically characterized sacral STT neurons that projected to but not beyond PO, all were excited preferentially or exclusively by noxious mechanical stimuli applied to their cutaneous receptive fields. Nociceptive STT neurons with similar projections have been recorded previously in the cervical enlargement of rats (Dado et al. 1994a) .
The demonstration of a prominent nociceptive projection from the sacral spinal cord to the posterior nuclear group of the thalamus in rats is consistent with the suggestion that this thalamic region participates in nociceptive processing. Many neurons were labeled retrogradely in the superficial dorsal horn of the spinal cord after small injections of retrograde tracers into the region of PO in rats (Dado and Giesler 1990) . In addition, injections of anterograde tracers into the spinal cord of primates labeled many axons in PO (Ralston and Ralston 1992) , and lesions of the DLF, through which the axons of neurons in the SDH pass in primates (Apkarian and Hodge 1989b) , abolished this anterograde labeling (Ralston and Ralston 1992) . Because many neurons in the superficial dorsal horn respond preferentially or exclusively to noxious stimuli (reviewed in Willis and Coggeshall 199 1)) results of these anatomic studies are consistent with the idea that PO receives a nociceptive spinal projection. Indeed, neurons recorded in PO respond to noxious cutaneous stimuli and most of them have receptive fields encompassing large areas of the body (Carstens and Yokota 1980; Curry 1972; Guilbaud et al. 1980; Poggio and Mountcastle 1960; Shigenaga et al. 1973) . However, although neurons in PO seem well suited to participate in nociceptive processing, relatively little is known about the functions mediated or affected by these neurons.
Axons of >50% of the sacral STT neurons recorded in this study appeared to terminate within or immediately surrounding the VbC. Lesions marking the most anterior points from which these STT neurons were activated antidromically with currents 530 PA were concentrated along the ventral and lateral borders of the VbC, areas in which sacral derrnatomes are represented in rats (Davidson 1965; Emmers 1965) . Nearly 80% of the sacral STT neurons that projected to, but not beyond, the VbC were classified as LT neurons. In addition, every LT neuron that was tested systematically was found to project to the VbC. In contrast, although axons of 3 of the 19 ( 15%) nociceptive neurons that were tested adequately projected to the VbC, putative termination sites of nociceptive STT neurons generally were distributed more widely. In previous studies in rats, neurons that were responsive to innocuous or noxious cutaneous stimuli, or to both, have been recorded in the VbC (Angel 1964; Angel and Clarke 1975; Berkley et al. 1993 : Guilbaud et al. 1980 , 1986 , 1990 Hellon and Misra 1973; Kanosue et al. 1984 Kanosue et al. , 1985 Peschanski et al. 1980; Raboisson et al. 1989) . In general, the nonnociceptive cutaneous input to the VbC has been thought to be transmitted by the dorsal column-medial lemniscus system. Our findings demonstrate that, at least for the area of the VbC receiving input from sacral dermatomes, the STT is also a significant source of nonnociceptive cutaneous input.
One ST?' neuron that was classified as a WDR neuron was activated antidromically from a low-threshold point in the Pf nucleus. One STT/U and three STT/SHT neurons also were activated antidromicallv from intralaminar thala- mic nuclei (Pf or CL). Three of these four neurons responded to noxious mechanical stimulation of the skin. Taken together, these findings indicate that the thalamic intralaminar nuclei receive a direct nociceptive projection from sacral spinal segments in rats. In addition, because three of five neurons that projected to the intralaminar nuclei also projected to the hypothalamus, our results suggest that the intralaminar nuclei of the thalamus and the hypothalamus may receive direct nociceptive input from the same population of spinal neurons in the sacral cord. In rats, neurons recorded in the thalamic intralaminar nuclei (Dostrovsky and Guilbaud 1990; Kanosue et al. 1985; Peschanski et al. 198 1) and the hypothalamus (see INTRODUCTION) respond to noxious cutaneous stimuli. Both the intralaminar nuclei of the thalamus (reviewed by Jones 1985) and areas of the hypothalamus (reviewed by Jordan 1990) generally are thought to participate in the regulation of autonomic and affective responses to nociceptive stimuli.
Roughly 40% of the sacral STT neurons projecting to the posterior thalamus, the VbC and the intralaminar thalamic nuclei were excited by CrD or VaD, particularly at high intensities ( see Katter et al. 1996) . Previous studies have demonstrated that neurons in and around the VbC and posterior nuclear group of the thalamus in rats respond to stimulation of visceral structures in the pelvis including the urinary bladder, the colon and rectum, and the internal genitalia (Barraclough and Cross 1963; Berkeley et al. 1993; Cross and Silver 1965 ) . Neurons recorded in these thalamic areas in cats (Rose 1975b (Rose , 1978 Rose and Sutin 1971) and primates (Bruggemann et al. 1994; Chandler et al. 1992; Rose 1979 ) also respond to stimulation of pelvic visceral structures.
It has not been clear, however, how information arising from pelvic visceral structures reaches these areas of the thalamus. Afferent information originating in these structures enters the spinal cord at the thoracolumbar junction as well as at the sacral level. Neurons recorded in the sacral spinal cord are responsive to stimulation of pelvic visceral structures (for references, see Katter et al. 1996) . It is not known, however, whether this information is transmitted to the diencephalon over multisynaptic systems through the brain stem, over direct projections to the diencephalon from the spinal cord, or both. In a few studies, sacral neurons projecting at least as far as more rostra1 levels of the spinal cord responded to stimulation of visceral structures in the pelvis (McMahon and Morrison 1982; Ness and Gebhart 1987; Price et al. 198 1) . Neurons responsive to such stimuli have been recorded in various brain stem regions including the solitary nucleus (Hubscher and Berkley 1994)) locus coeruleus (Elam et al. 1986 )) reticular formation (Fukuda and Fukai 1986; Fukuda et al. 1981; Hornby and Rose 1976; Rose 1975a Rose ,b, 1979 Roy et al. 1992 ) and parabrachial nuclei (Bernard et al. 1994) . The thalamus receives a projection from areas of the brain stem that are involved in the processing of visceral sensory information (Allen et al. 199 1; Cechetto and Saper 1987) . Thus input to thalamic or hypothalamic neurons from pelvic visceral structures may be relayed over these pathways.
Some previous evidence indicates that information arising from the pelvic viscera may be transmitted by STT neurons directly to the thalamus. Kanui ( 1985) recorded two STT neurons in the dorsal horn of the sacral cord of rats that responded to compression of the testicle. Ness and Gebhart ( 1987) recorded 11 STT neurons in the medial gray matter of the sacral cord that responded to CrD. The effect of stimulation of pelvic viscera on the activity of STT neurons in the sacral spinal cord also has been studied in primates (Milne et al. 1981) . In that study, sacral STT neurons were excited by distention of the urinary bladder. Results of the present study demonstrate that neurons in sacral segments of rats are capable of transmitting information arising from visceral structures in the pelvis directly to several thalamic areas including the posterior nuclear group, the ventrobasal complex, and the intralaminar nuclei.
Projections of sacral STT/SHT neurons and some functional implications
Approximately 20% of the neurons recorded in L,--S, that were examined using systematic antidromic mapping were activated antidromically with low currents from points in both the thalamus and hypothalamus. In the hypothalamus, lesions marking low-threshold points for antidromic activation were located in several regions including the posterior hypothalamus, the lateral hypothalamus, the supraoptic decussation and optic tract, the anterior hypothalamus, and the dorsal hypothalamus. For all STT/SHT neurons, the latenties for antidromic activation from hypothalamic low-threshold points always differed from those for thalamic lowthreshold points. Although axons of five of these STT/SHT neurons were activated antidromically from low-threshold points in the OT and SOD as they ascended through the hypothalamus, three STT/SHT neurons were activated only from low-threshold points in the hypothalamus that were well outside these fiber tracts. These low-threshold points were located in the lateral hypothalamus in the region of the medial forebrain bundle. One SHT neuron also was activated antidromically from this region. These findings suggest that axons of some sacral STT/SHT or SHT neurons may course to and through the hypothalamus by traveling within the medial forebrain bundle.
Two STT! SHT neurons were activated antidromically with low currents from the ipsilateral hypothalamus. Antidromic action potentials generated from stimulation at these low-threshold points occurred at longer latencies than those generated from stimulation in the contralateral hypothalamus. This indicates that these axons crossed the midline, probably while traveling through the posterior part of the optic chiasm. Neurons in the cervical (Dado et al. 1994a) and lumbar (Burstein et al. 199 1) enlargements of rats also issue axons that cross the midline twice, once in the spinal cord within a segment or two of the cell body and again in the posterior part of the optic chiasm. Of the five sacral STT/SHT neurons that were characterized physiologically, four responded preferentially or exclusively to noxious mechanical stimulation of their cutaneous receptive fields. This finding is consistent with previous studies of STT/SHT and SHT neurons in the cervical (Dado et al. 1994a ) and lumbar (Burstein et al. 199 1) enlargements of rats in which -90% of the tested neurons were classified as nociceptive. Therefore, findings of these studies indicate that, at least in rats, nociceptive neurons at multiple levels of the spinal cord project directly to widespread areas of both the contralateral and ipsilateral diencephalon. In addition to their responsiveness to noxious cutaneous stimuli, -80% of the sacral STT/SHT neurons that were tested responded to CrD. Thus STT/SHT neurons may transmit information arising in pelvic visceral structures directly to hypothalamic areas. As discussed in the companion paper (Katter et al. 1996) , the activity of neurons in several hypothalamic regions is affected by stimulation of pelvic visceral structures. Such stimuli may influence the activity of hypothalamic neurons that are involved in the regulation of different autonomic functions and neuroendocrine responses. For example, stimulation of the urinary bladder affects the activity of neurons in the hypothalamus (Stuart et al. 1964a,b) . Stimulation within the hypothalamus elicits micturition, indicating that the hypothalamus exerts some modulatory control over autonomic systems involved in the regulation of micturition ( Kuru 1965) . Vaginocervical stimulation in female rats also alters the activity of hypothalamic neurons (Akaishi et al. 1988; Barraclough and Cross 1963; Blake and Sawyer 1972; Boer and Nolten 1978; Chan et al. 1984; Cross and Silver 1965; Dreifuss et al. 1976; Freund-Mercier and Richard 1977; Hyland et al. 1987; Kawakami and Kubo 1971; Lincoln and Cross 1967; Myers and Jennings 1985; Negoro et al. 1973; Ramirez et al. 1967; Summerlee 1981) . In addition, vaginocervical stimulation induces the release of oxytocin (Boer and Nolten 1978; Dreifuss et al. 1976; Freund-Mercier and Richard 1977; Negoro et al. 1973 ; Summerlee 1981)) luteinizing hormone (Blake and Sawyer 1972) and prolactin (reviewed by Gunnet and Freeman 1983)) neuroendocrine effects that are associated with the activation of hypothalamic neurons. Our findings suggest that areas of the hypothalamus involved in the regulation of such autonomic and neuroendocrine responses to visceral stimuli may receive visceral information directly from sacral STT/SHT neurons.
Comparison between diencephalic projections of neurons in sacral and other spinal segments The locations of sites for antidromic activation of sacral neurons in this study contrast in several ways with the results of a recent study of neurons recorded in the cervical enlargement of rats (Dado et al. 1994a) . First, in the cervical enlargement, not a single neuron clearly was activated antidromically from the VbC despite extensive tracking through it (Dado et al. 1994a ). However, very few LT neurons were recorded in that study and their projections were not examined systematically.
Nevertheless, some of the neurons in the sacral cord that were activated antidromically from the VbC in the present study were nociceptive. Second, -80% of the neurons recorded in the cervical enlargement were activated antidromically with low currents from both the thalamus and hypothalamus (Dado et al. 1994a ). In the present study, only 20% of the neurons that were tested were classified as STT/SHT neurons. This smaller proportion of sacral STT/SHT neurons also may account, at least in part, for the relative lack of low-threshold points in the SOD and OT in the present study. Third, only -20% of the neurons recorded in the cervical enlargement projected to but not beyond regions of the thalamus that were posterior to the VbC (Dado et al. 1994a ). In contrast, -50% of the neurons recorded in the sacral cord appeared to terminate in this region. Of these sacral STT neurons that also were classified physiologically, all were nociceptive. Fourth, none of the neurons recorded in the cervical enlargement were activated antidromically from the intralaminar thalamic nuclei (Dado et al. 1994a ). In the present study, a few sacral neurons, including three that also projected to the hypothalamus, were activated antidromically from low threshold points in Pf or CL in the medial thalamus. All of the sacral neurons that projected to the thalamic intralaminar nuclei that were tested with CrD or VaD responded to these visceral stimuli.
Taken together, these differences in the patterns of diencephalic projections from the sacral cord and cervical enlargement in rats suggests that the processing of the somatic and visceral sensory information that is transmitted from these areas differs. Our findings in the sacral cord suggest that projections from sacral neurons to particular thalamic and hypothalamic areas may be functionally selective. Nuclei that receive relatively specific types of sensory information are likely to play specific roles in the processing of such information. For example, a large proportion of the STT neurons recorded in sacral segments in rats respond with highest firing frequencies to innocuous cutaneous stimuli and these neurons appear to project almost exclusively to the VbC. Thus the VbC appears to be important for the processing of innocuous cutaneous information arising from sacral dermatomes. In contrast, nociceptive processing appears to be more widely distributed in the thalamus. Although the functional roles of specific thalamic areas in the processing of nociceptive information are not yet clear, our results raise the possibility that the intralaminar thalamic nuclei, particularly Pf and CL, participate in the processing of visceral information. A large proportion of the sacral STT/ SHT neurons that projected to Pf and CL also transmitted visceral information to the hypothalamus. Further studies are needed to clarify the functional roles of specific diencephalic areas in the processing of nociceptive cutaneous and visceral information transmitted from sacral as well as other spinal segments.
